Abstract Poly(ethylene glycol) diacrylate (PEGDA) is a common hydrogel that has been actively investigated for various tissue engineering applications owing to its biocompatibility and excellent mechanical properties. However, the native PEGDA films are known for their bio-inertness which can hinder cell adhesion, thereby limiting their applications in tissue engineering and biomedicine. Recently, nano composite technology has become a particularly hot topic, and has led to the development of new methods for delivering desired properties to nanomaterials. In this study, we added polystyrene nanospheres (PS) into a PEGDA solution to synthesize a nanocomposite film and evaluated its characteristics. The experimental results showed that addition of the nanospheres to the PEGDA film not only resulted in modification of the mechanical properties and surface morphology but further improved the adhesion of cells on the film. The tensile modulus showed clear dependence on the addition of PS, which enhanced the mechanical properties of the PEGDA-PS film. We attribute the high stiffness of the hybrid hydrogel to the formation of additional cross-links between polymeric chains and the nanosphere surface in the network. The effect of PS on cell adhesion and proliferation was evaluated in L929 mouse fibroblast cells that were seeded on the surface of various PEGDA-PS films.
Introduction
Despite progress in the field, tissues engineering currently faces a number of challenges such as effectively mimicking the various extracellular environment and complex tissue architecture (Gaharwar et al. 2014; Murphy and Atala 2014) . Therefore, designing hydrogels with controlled physical, chemical and biological properties will have a positive impact on facilitating the formation of functional tissues. Over the last decade, poly(ethylene glycol) diacrylate (PEGDA) has emerged as one of the most commonly used hydrogels, which is extensively applied in drug delivery and in the development of biosensors, and also shows potential as scaffold for tissue engineering and regenerative medicine (Murphy and Atala 2014; Corbin et al. 2013) . The main advantages of PEGDA include its tunable mechanical properties, tailorable structure and biocompatibility which can closely mimic the physical, chemical and biological properties of most native tissues. Nevertheless, the ability of cells to interact with and attach to the surface of biomaterials and other cells depends on the amount of protein available for adhesion (Gumbiner 1996; Sun et al. 2013; ). Moreover, cell adhesion is an essential process for monocyte proliferation, migration and function (Baumann 2013; Liu and Wang 2014; . However, native PEGDA films have shown cellrepellent properties with various types of cells (Schmidt et al. 2012) . This means that cell attachment to PEGDA films essentially requires the incorporation of cellular components to the cell attachment sites. Although this property is normally used for obtaining a selective pattern of the accumulation of cells into arbitrary shapes, the bio-inertness of PEGDA can hinder cell adhesion, which has severely hampered its applications in the field of tissue engineering and biomedicine. Therefore, it would be potentially of benefit to prepare a more cell-friendly PEGDA surface with endowed capabilities of protein reception and cell adhesion.
To address this challenge, researchers have focused on modifying the surface of PEGDA films to alter the physicalchemical properties for cell attachment. The extracellular matrix (ECM) proteins or related peptides such as fibronectinderived arginine-glycine-aspartic acid-serine (RGDS) sequence are most commonly used to functionalize the substrate (Peng et al. 2011) . Nevertheless, the experimental procedures for PEG-RGDS conjugation is tedious and time-consuming. Other researchers have proposed an interesting method to fabricate maleic chitosan-PEGDA hybrid hydrogel through inserting acrylate functional groups on a polysaccharide by use of the well-known Michael-type reaction between the amines of chitosan and the double bonds of the diacrylate (Saxena et al. 2014) . Another PEGDA surface modification method involves the hydroxyl carboxyl reaction. In this method, the carboxyl groups of PEGDA are activated using 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride and N-hydroxysulfosuccinimide chemistry (EDC/NHS) which allows for the PEGDA film to bind to the fibronectin that the cells adhere to (Han et al. 2008) . However, the process of PEGDA modification with a functional group is complicated and the chemical reagents required may be harmful to cells. To overcome these challenges, a simple method to fabricate nanostructures was developed using lithography and microcontact printing to enhance the hydrophobicity of PEGDA films and it was reported that the cells preferred to adhere on the PEGDA surface decorated with topographic micropatterns (Kim et al. 2005 (Kim et al. , 2014 . Regardless of these benefits, the methods developed thus far only change the surface topography of PEGDA films but are insufficient to regulate cell behaviors.
Recently, nano composite technology has become a particularly hot topic because of its potential to improve materials properties (Gaharwar et al. 2013 (Gaharwar et al. , 2014 Ahadian et al. 2016; Thakur et al. 2016) . Carbon nanotubes (CNTs) are typical carbon-based nanomaterials, which have been incorporated into photo-cross-linked gelatin methacryloyl hydrogels. The CNTs embedded hydrogel scaffold shows excellent mechanical integrity and advanced electrophysiological functions, which was further explored for biosensor and bio-actuator applications (Shin et al. 2013 ). In addition, nano composite hydrogels were fabricated using various types of metallic nanoparticles for biomedical applications including gold (Au) and silver (Ag) (Thoniyot et al. 2015) . For example, gold nanoparticles (AuNPs) possessing superior electrical and thermal conductivity were functionalized with hyaluronic acid films for mechanical reinforcement and roughness alteration (Schmidt et al. 2012) . Optimized cell adhesion was observed on the films with a more tunable elastic modulus and surface roughness. Ag nanoparticles were shown to possess antimicrobial properties, and have been incorporated into PAAm and NIPAAm, gelatin-based hydrogels for dental filling and burn dressings to prevent infections (Garcia-Astrain et al. 2015; Mohan et al. 2010) .
In this study, a polystyrene nano-spheres (PS)-PEGDA composite was developed for regulating cell adhesion. By incorporating a gradually increased amount of PS, the hydrogel showed enhanced mechanical properties and modified surface topography. We next investigated the association of cell adhesion and proliferation with the surface coverage of the PS. The results suggest that cell adhesion to PEGDA film can be regulated by tailoring according to the concentration of incorporated PS. Importantly, this method is a relatively convenient approach to tune the mechanical properties of cells simply by manipulating the concentration of the nanospheres, and is expected to be widely applicable for specific needs in biotechnology and medicine.
Materials and methods

Materials
PEGDA (Mn = 575) and the photoinitiator diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) were obtained from Sigma Aldrich (St. Louis., MO, USA). PS with an average size of 100 nm were purchased from BaseLine ChromTech Research Center. PEGDA and TPO were dissolved in ethyl alcohol at a final concentration of 40 % and 0.5 wt%, respectively. Then, the PS were added into the PEGDA solution at various final concentrations (10 %, 20 %, 30 %, 40 %, 50 %). A good dispersion may be achieved by ultrasonic treatment. All solutions were magnetically stirred for 30 min and then ultrasonically treated at 40 kHz for 30 min to ensure that the materials were completely dissolved.
Fabrication of the PEGDA-PS hydrogel
Glass slides were used as the substrate for preparing the nanocomposite hydrogel, as shown in Fig. 1 . Prior to ultraviolet (UV) curing, the substrate was washed with alcohol to clean the surface and was then dried under nitrogen. The solution (0.5 ml) was pipetted onto the surface of the glass slides. The films containing uniform solution were formed via spincoating and were then photo cross-linked for 5 min using a UV lamp. The cured films were washed with ethyl alcohol to remove any unreacted solutions and then immersed in a phosphate-buffered saline solution for the cell adhesion test. Furthermore, for the tensile test, the solution was injected into a rectangular mold (20 mm long, 5 mm wide, and 1 mm thick) and cured under a UV lamp for 10 min.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
AFM experiments, including AFM imaging and measurement of cell mechanical properties, were performed using a Dimension Icon AFM and Bioscope Catalyst AFM (Bruker, Camarillio, CA, USA). For film surface imaging, the tapping mode of the Dimension Icon AFM was used. The measurement of cell mechanical properties was performed with the fluidic contact mode of the Bioscope Catalyst AFM, using at least 20 force curves of each cell with the same loading rate at different cell positions. The Hertz model was used to calculate the elastic modulus of cells.
The dried PEGDA-PS hydrogels on the glass slides were coated with a 10-nm gold film with Sputter Coater, and the morphological variations depending on PS concentration were analyzed using SEM (Zeiss, Germany).
Cell assay and fluorescence staining
L929 cells (mouse fibroblast cells) were cultivated in Dulbecco's modified Eagle medium with high glucose containing 10 % fetal bovine serum and 1 % penicillin-streptomycin. Before culturing with the PEGDA-PS films, the cells were detached from the Petri dish. Subsequently, the cells were seeded on the films at a concentration of~10 4 cells/ cm 2 . The cell medium was changed daily after seeding the cells, and all cells were cultured at 37°C and 5 % CO 2 in an incubator.
An Eclipse Ti microscope (Nikon, Tokyo, Japan) was employed to carry out live-cell and fluorescence imaging analyses. For cell fluorescence staining, the cells were first fixed with 4 % paraformaldehyde and then treated with 0.1 % Triton X-100 to increase permeability. CytoPainter Phalloidin-iFluor 488 Reagent (Abcam, Cambridge, UK) staining solution (100 μg/ml) was dropped onto the glass slides containing cells and kept for 90 min at room temperature. Then, the glass slides were placed on the stage of the Eclipse Ti microscope and the fluorescence images were acquired.
Hydrogel mechanical test
To analyze the influence of the nanospheres on the mechanical properties of the gels, a tensile test was performed using a mechanical test instrument (Bose Enduratec ELF 3200, New Castle, USA). The specimens (20 mm long, 5 mm wide, and 1 mm thick) with different PS concentrations were stretched at a rate of 10 mm/min. Ten samples of each concentration were tested to calculate the Young's modulus and fracture stress.
Statistical analysis
Data are presented as the mean ± standard deviation, and sample means were compared using one-way analysis of variance via OriginPro software. P < 0.05 was considered to be statistically significant.
Results and discussions
PS affect film morphology
The nanostructure of the surface is the most important factor controlling the adhesion between cells and a substrate. Accordingly, we studied the effect of the addition of nanospheres on the film's morphology. PEGDA hydrogel solutions with different concentrations of PS were cross-linked with UV Fig. 1 The PEGDA-PS film was photo cross-linked on glass slides via UV exposure. The nanospheres were uniformly distributed on the PEGDA films. Immersed spheres provided a surface to cross-link with polymeric chains, and the others created a raised structure on the surface of the films light, and the surface profile of the fabricated PEGDA hydrogel was analyzed by SEM (Fig. 2) . A representative SEM image showing a typical cured pure PEGDA hydrogel that can prevent cell adherence is presented in Fig. 2f , indicating that the surface of the film is relatively flat. However, nanostructures were formed when PS were added to the PEGDA solution. Some spheres were immersed into the film's interior while others were fixed on the surface, as shown in Fig. 1 . The spheres increased with increasing PS concentration in the PEGDA solution (Fig. 2b-e) , eventually covering the whole film (Fig. 2a) .
Using the combined AFM images of PEGDA film (Fig. 3) , we can calculated the coverage ratio of PS as follows:
Coverage ratio % ð Þ¼ Area of spheres Area of film ð1Þ The size of the whole area of each image is 1 μm × 1 μm. The coverage ratio of PS reached 80 % with a 50 % PS concentration, as shown in Figs. 3a and 4a , indicating that nanostructures formed by a layer of bare spheres were successfully fabricated. The calculated values for the coverage ratio of different concentrations are shown in Fig. 4a , which indicated that with the increase in PS concentration, the coverage area of the spheres became lager. Detailed information of the modifying surface could be obtained from the three-dimensional AFM image of the surface, as shown in Fig. 4b . The spheres on the PEGDA surface formed nanostructures resembling a series of mountain peaks. Importantly, the surface morphology could be controlled by modulating the density of the nanospheres. Compared with the complexity of previous methods for fabricating nanostructures on a PEGDA hydrogel, the fabricating process presented herein does not require expensive equipment or time-consuming steps.
Effect of PS on mechanical properties of hydrogels
In addition to the observed variation in morphology, we expected that the nanocomposites would induce changes in the mechanical properties of the hydrogels. To quantify the changes in mechanical properties from the addition of PS, we measured the elastic modulus of the films (sample dimension: 20 mm × 5 mm × ∼1 mm) with a tensile test instrument (Fig. 5a ). Stress-strain curves of hydrogels with different concentrations of PS were obtained from the results of the uniaxial tensile test. As shown in Fig. 5b and c, the hydrogel with PS became significantly stiffer than the pure hydrogel, indicating that the addition of nanoparticles reinforced the crosslinked network of the hydrogel. However, greater deformation of the pure hydrogel was observed during fracture stressing, whereas no significant difference was observed among the samples with various PS concentrations. Therefore, as expected, the mechanical properties were changed by the addition of nanoparticles. These results also suggest that the reinforcement of the hydrogels from PS incorporation is due to the formation of additional cross-links in the network. Testing of the PEGDA-PS hydrogels also revealed a significant increase in the elastic modulus, of almost 100 % (Fig. 5e) . Furthermore, the nanoparticles restricted chain movements, which led to a small deformation when stretched to fracture. The improved physical properties of the hybrid PEGDA hydrogel is mainly attributed to the enhanced interactions between the polymer chains and nanospheres. During the fabrication process, the nanospheres distributed along the PEGDA films uniformly, and the immersed spheres provided the surface for cross-linking with polymeric chains to further enhance these interactions.
3.3 Cell adhesion, mechanical properties, and proliferation are associated with surface coverage of the PS As one kind of the most common hydrogels, PEGDA has been widely investigated for various tissue engineering applications owing to its biocompatibility and excellent mechanical properties, however, native PEGDA hydrogels also have cell repellent properties. By exploiting these properties, we previously fabricated arbitrary shaped PEGDA microstructures to pattern cells (Yang et al. 2015 (Yang et al. , 2016 . However, to be considered for biomedical applications, a PEGDA scaffold must support cell adhesion and promote cell proliferation, and therefore the cell-repellant property must be overcome. We hypothesized that the addition of nanospheres may enhance the surface interactions between the nanoparticles and the cells.
Two different hydrogels (pure PEGDA and PEGDA-PS) were cultured with L929 cells. Figure 6 shows that the cells could grow on the different substrates after culturing for 3 days. The pure PEGDA films could not support cell attachment, as shown in Fig. 6a and e. In addition, compared with cells growing on a polystyrene tissue culture plate ( Fig. 6d and  h ), those growing on the PEGDA surface displayed a round shape, indicating poor spreading properties and no stable cellmatrix interactions. However, the PEGDA-PS hydrogel allowed for better cell adhesion compared to the pure Fig. 4 a Coverage ratio of polystyrene nanospheres on PEGDA films. b AFM threedimensional image of a PEGDA film with 30 % polystyrene nanospheres PEGDA, and a portion of the cells showed a good spreading shape, as expected. Better adhesion to the substrates should have a positive impact on cell growth and proliferation. This is because without adhesion to the surface, many cells will stop proliferating and can undergo programmed cell death. Indeed, after 3 days of culture, there was no proliferation of cells growing on the pure PEGDA, whereas the cell density increased significantly due to the addition of PS.
These results clearly suggest that the addition of PS influenced the biocompatibility of the PEGDA hydrogel. To directly evaluate the effect of PS on cell adhesion and proliferation, L929 mouse fibroblast cells were seeded on the surfaces of the various PEGDA-PS films, and the effect of the addition of PS on cell adhesion was determined by analysis of fluorescence images. Cells were cultured with different films for two days and were stained using CytoPainter Phalloidin-iFluor 488 Reagent. As shown in Fig. 7 , no cells adhered to the substrate when grown on the pure PEGDA film, and the addition of PS significantly enhanced cell adhesion.
In general, integrins serve as the bridges for cell-cell and cell-ECM interactions, and couple the ECM to the cytoskeleton. Together with signals arising from receptors for soluble growth factors, integrins determine the biological activity of a cell in a given context, and thus play an important role in many (Seguin et al. 2015) . Therefore, on the one hand, the PEGDA hydrogel surface roughness changed significantly due to the high concentration of PS as shown in Figs. 3 and 4 , which improved the cell adhesion to the hydrogel, and the large number of integrins promoted cell growth in turn (Fig. 8a) . On the other hand, recent studies have suggested that cell adhesion and spread are mainly controlled by the mechanical property of the substrate (i.e., the elastic modulus) (Nemir et al. 2010; Jaiswal et al. 2015; Rehfeldt et al. 2007 ). As shown in Fig. 5b , the addition of nanospheres improved the mechanical properties of the hybrid film. These two factors can explain the enhanced growth with higher concentrations of PS on the film. As shown in Fig. 8b , after culturing for 3 days, the cell density on the 50 % PEGDA-PS film was significantly higher than that on all other films.
Furthermore, the cellular stiffness, which reflects the intracellular tension acting along stress fibers, decreased or increased instantly in response to the elongating or compressing stimulus, respectively. Cells adhere to a substrate through their integrins, which link with the cytoskeleton to regulate the mechanical properties of cells (Snijder et al. 2013; Mierke 2013; Schoen et al. 2013; Yamahashi et al. 2015) . The results of the AFM measurements on cells growing on different films indicated that the average Young's modulus of cells growing on the 10 % PEGDA-PS hydrogel was 0.62 ± 0.02 kPa, while that of cells growing on the 50 % PEGDA-PS hydrogel was higher, at 1.01 ± 0.05 kPa (Fig. 8c) , which was similar to the Young's modulus of cells growing on polystyrene tissue culture plates, as a control group (1.04 ± 0.04 kPa). As shown in Fig. 2a , when the concentration of PS reached 50 %, the spheres covered an area of roughly 80 % on the PEGDA film. This suggests that both the cell adhesive density and the mechanical properties of cells could be regulated by tuning the concentration of PS.
Conclusions
In summary, we demonstrated that the addition of PS into photo cross-linked PEGDA resulted in a hybrid film (PEGDA-PS) with a significantly altered surface morphology and mechanical properties. Comparative studies of surface topography via SEM and AFM were conducted to gain insight into the changes caused by the addition of the nanospheres. The tensile modulus showed clear dependence on the presence of PS, and the mechanical properties of the PEGDA-PS film were enhanced by PS treatment. Furthermore, L929 mouse fibroblast cells seeded on the surface with PS indicated that the physical addition of the nanospheres not only improved the physical properties of the polymeric networks but could also modulate the biocompatibility of the film. Therefore, a series of hybrid films was fabricated to examine the relationships between PS concentration and cell adhesion. Cell density increased with greater PS concentrations, and the cells displayed a spreading morphology on the hybrid films, which in turn promoted cell proliferation. In addition, cellular stiffness was modulated simply by tuning the PS concentration. As PEGDA is frequently used in a broad range of applications in biomaterials science, this study demonstrates a feasible method to obtain control over the mechanical properties and to tailor cell adhesion according to the requirements for tissue engineering.
